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ABSTRACT

The U.S. Environmental Protection Agency’s National Expo-
sure Research Laboratory is pursuing a project to improve
the methodology for modeling human exposure to motor
vehicle emissions. The overall project goal is to develop
improved methods for modeling the source through the air
pathway to human exposure in significant exposure micro-
environments. Current particulate matter (PM) emission mod-
els, particle emission factor model (used in the United States,
except California) and motor vehicle emission factor model
(used in California only), are suitable only for county-scale
modeling and emission inventories. There is a need to develop
a site-specific real-time emission factor model for PM emissions
to support human exposure studies near roadways.

IMPLICATIONS

Current motor vehicle particulate emission models are de-
signed to estimate county-level emission factors and associ-
ated emission inventories. These models are not reliable for
real-time emission estimates needed to support human ex-
posure studies. MicroFacPM is designed to estimate emission
factors for the U.S. motor vehicle fleet and is suitable for
estimating real-time emission factors in microenvironments of
human exposure near roadways. This approach is a useful
tool to modeling human exposure microenvironments in ve-
hicles and near roadways, and for understanding complex
relationships between roadway fixed-site ambient monitoring
data and actual human exposure.
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A microscale emission factor model for predicting
site-specific real-time motor vehicle PM (MicroFacPM)
emissions for total suspended PM, PM less than 10 pm
aerodynamic diameter, and PM less than 2.5 wm aerody-
namic diameter has been developed. The algorithm used
to calculate emission factors in MicroFacPM is disaggre-
gated, and emission factors are calculated from a real-time
fleet, rather than from a fleet-wide average estimated by a
vehicle-miles-traveled weighting of the emission factors
for different vehicle classes. MicroFacPM requires input
information necessary to characterize the site-specific
real-time fleet being modeled. Other variables required
include average vehicle speed, time and day of the year,
ambient temperature, and relative humidity.

INTRODUCTION

Air pollution concentrations vary greatly from place to
place at any one time and with time of day and from year
to year. The rapid growth in motor vehicle emissions in
urban areas of the United States led to significant changes
in the automobile provisions of the Clean Air Act Amend-
ments of 1990. The National Research Council (NRC)
committee recently identified outdoor measures versus
actual human exposure, characterization of emission
sources, air-quality-model development, and testing as
among the top 10 research areas of highest priority.!
Another NRC recommendation stated that program
plans should include modeling needs relevant to the
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control of ozone (Os), hazardous air pollutants, and partic-
ulate matter (PM); modeling techniques that might be ap-
plicable to future versions of MOBILE? and other mobile
source emissions models; and strategies and methods to
improve the linkages among transportation, mobile source
emissions, air quality, and exposure models.3

The MOBILE emissions models, including the particu-
late emission factor model PART (developed by the U.S.
Environmental Protection Agency [EPA], used in all states
except California) and the EMFAC emissions model (devel-
oped by the California Air Resources Board, used in Califor-
nia only) calculate the composite emission factors for each
vehicle class by weighting the emission factors calculated for
each model year by the travel fraction for that model year
and then summing the various weighted factors.24 This
method is suitable for larger regional (county)-scale emis-
sion estimates and for emission inventories, but it is unsuit-
able for emission factor estimates in microenvironments
critical to human exposure studies. Therefore, an emission
factor model for PM within site-specific real-time frameworks
needs to be developed to support human exposure studies.

EPA’s National Exposure Research Laboratory (NERL)
has an ongoing project to improve the methodology for
modeling human exposures to motor vehicle emissions. The
overall project goal is to develop improved methods for
modeling from the source through the air pathway to hu-
man exposure, within significant microenvironments of ex-
posure. Roadway dispersion models use the emission factor
of particles or gases in terms of concentration per unit dis-
tance (e.g., mg/mi) as an input to predict particle or gas
concentrations in space or time. Detailed and correct knowl-
edge of emission characteristics is, therefore, an essential
prerequisite to developing a reliable human exposure
model. The toxicological response of inhaled particles also
depends on the particle properties, such as size, number,
active surface area, concentration, and physical and chem-
ical characteristics, split into solid and liquid phase; very
limited information is available on particulate emission
rates except mass-based emission factors. Therefore, emis-
sion rates will be discussed in mass per unit distance.

In view of this need, a microscale emission factor model
for predicting real-world real-time motor vehicle PM (Micro-
FacPM) emissions for TSP (total suspended PM), PM,, (PM
less than 10 wm aerodynamic diameter), and PM, 5 (PM less
than 2.5 pm aerodynamic diameter) has been developed.
The MicroFacPM model uses modeling concepts and struc-
ture similar to that used in the development of Micro-
FacCO.5¢ The model uses available information concerning
the vehicle fleet composition. The algorithm used to calcu-
late emission factors in MicroFacPM is disaggregated, based
on the observed site-specific vehicle fleet. The emission fac-
tors are calculated from a real-time fleet, rather than from a
fleet-wide average estimated by a vehicle-miles-traveled (VMT)
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weighting of the emission factors for different vehicle classes.
MicroFacPM requires input variables that are necessary to char-
acterize the on-road real-time fleet being modeled. Other vari-
ables required include average vehicle speed, time and day of
the year, ambient temperature, and relative humidity.

This paper discusses the methodology for the devel-
opment of MicroFacPM. The model is written in FOR-
TRAN 90 for calculating emission factors from vehicular
traffic in the United States. It can be run in both batch and
interactive modes. Real-time emission rates can be calcu-
lated for dates between January 1, 1990, and December
31, 2010, from available vehicle fleet data on an unlim-
ited number of roads and for a maximum of eight lanes of
traffic. If more than eight lanes are required, parallel road
networks can be modeled. The emission rates for future
fleets are estimated with the assumption that there is no
change in pollution control and fuel technology and that
changes are caused by the replacement of older vehicle
fleets with newer ones. A diagram of the MicroFacPM
general model structure is shown in Figure 1.

VEHICLE CLASSIFICATION

The motor vehicle fleet is divided into two main catego-
ries: light-duty and heavy-duty vehicles. The light-duty
vehicles are defined as vehicles with gross vehicle weight
(GVW) ratings less than 8500 lb, and heavy-duty vehicles
as vehicles with GVW ratings more than 8500 1b. Micro-
FacPM uses the same extended EPA vehicle classification
used in MicroFacCO and MOBILE6.78 The vehicle fleet

Speed Oxygenated Fuel Particle Size
Correction Factor Correction Factor Distributions
Cold Engine Air Conditioning Ambient Temperature

Correction Factor Correction Factor Correction Factor

Primary Individual Primary Individual
Normal Exhaust Non-Normal Exhaust
Emission Rate Emission Rate
Individual Individual

Non-Normal Exhaust
Emission Rate

Normal Exhaust
Emission Rate

L il |

| On Road Vehicle Fleet

1L

Tire and Composite Re-entrained
Brake Wear Emission Factor Road Dust
Emission Rate in mg/mi Emission Rate

Figure 1. The MicroFacPM general model structure.
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classifications, together with their symbols (abbrevia-
tions), are presented in Table 1.

INPUT VARIABLES AND OUTPUT OPTIONS
MicroFacPM can be run either in a batch or in an inter-
active mode. The input parameters required for each spe-
cific time interval are job title, number of roads, date,
time, smoking vehicle percentage, ambient temperature,
relative humidity, vehicle fleet type, output option, road-
way type, number of lanes, and average vehicle speed. The
model output can be obtained in three categories (options
1, 2, and 3). Option 3 outputs lane-by-lane composite
emission rates for the fleet. Option 2 outputs the propor-
tions of PM per vehicle type, model year, and source.
Option 1 outputs detailed information on the correction
factors applied for each vehicle type and model year.

Tahle 1. Vehicle classification used in MicroFacPM (extended EPA vehicle
classification used in MOBILEG).

Description GVW (Ib) Symbol
Light-duty gasoline vehicles (cars) 0-6000 LDGV
Light-duty gasoline trucks 1 0-3750 LDGT1
Light-duty gasoline trucks 2 3750-6000 LDGT2
Light-duty gasoline trucks 3 6001-7250 LDGT3
Light-duty gasoline trucks 4 7250-8500 LDGT4
Motorcycles Al MC
Light-duty diesel vehicles (cars) 0-6000 LDDV
Light-duty diesel trucks 1 0-3750 LDDT1
Light-duty diesel trucks 2 3750-6000 LDDT2
Light-duty diesel trucks 3 6001-7250 LDDT3
Light-duty diesel trucks 4 7250-8500 LDDT4
Heavy-duty gasoline vehicles class 2B 8501-10,000 HDGV2B
Heavy-duty gasoline vehicles class 3 10,001-14,000 HDGV3
Heavy-duty gasoline vehicles class 4 14,001-16,000 HDGV4
Heavy-duty gasoline vehicles class 5 16,001-19,500 HDGV5
Heavy-duty gasoline vehicles class 6 19,5601-26,000 HDGV6
Heavy-duty gasoline vehicles class 7 26,001-33,000 HDGV7
Heavy-duty gasoline vehicles class 8A 33,001-60,000 HDGVBA
Heavy-duty gasoline vehicles class 8B >60,000 HDGVEB
Heavy-duty gasoline school bus Al HDGSB
Heavy-duty gasoline transit bus Al HDGTB
Heavy-duty diesel vehicles class 2B 8501-10,000 HDDV2B
Heavy-duty diesel vehicles class 3 10,001-14,000 HDDV3
Heavy-duty diesel vehicles class 4 14,001-16,000 HDDV4
Heavy-duty diesel vehicles class 5 16,001-19,500 HDDV5
Heavy-duty diesel vehicles class 6 19,5601-26,000 HDDV6
Heavy-duty diesel vehicles class 7 26,001-33,000 HDDV7
Heavy-duty diesel vehicles class 8A 33,001-60,000 HDDVBA
Heavy-duty diesel vehicles class 8B >60,000 HDDVEB
Heavy-duty diesel school bus Al HDDSB
Heavy-duty diesel transit bus Al HDDTB

Note: Light heavy-duty = class 2B—5; Medium heavy-duty = class 6 and 7; Heavy
heavy-duty = class 8A and 8B
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VEHICLE FLEET

MicroFac models are developed to use different forms for
characterizing the vehicle fleet depending on the avail-
ability of information. Similar to MicroFacCO, Micro-
FacPM has seven options for inputting the vehicle fleet
characterization. The model can accept input based on a
detailed observed vehicle fleet (options 1 and 2), past
vehicle tunnel data (options 3 and 4), video records (op-
tions 5 and 6), or a default vehicle fleet (option 7).

EMISSION RATES

Motor vehicle PM includes not only particles exhausted
from the tailpipe, but also fugitive sources whose scale
and activity rates are poorly known. Vehicle emission
rates vary significantly among the different types of vehi-
cles, which can be distinguished by engine type, type of
emission control system, vehicle weight, engine capacity,
the emission standard to which the vehicle was originally
certified, the vehicle’s age (which determines the level
of technology to which it was built), and the type of
fuel used. Up-to-date information was available from
MOBILE6 to support the development of MicroFacCO.
Presently, similar up-to-date information on PM emission
rates for U.S. motor vehicles is not available to support the
development of MicroFacPM. Therefore, it is necessary to
develop some size-specific PM emission rates for the U.S.
vehicle fleet based on what limited information is avail-
able.

Exhaust Emission Rates for Light-Duty Vehicles
Light-duty vehicle (<8500 1b) particulate emission rates
are calculated in mg/mi by testing a vehicle over a stan-
dardized test cycle (known as the Urban Dynamometer
Driving Schedule [UDDS]) on a chassis dynamometer.
This driving cycle is part of EPA’s Federal Test Procedure
(FTP), which is used by all motor vehicle manufacturers to
certify that their vehicles meet federal tailpipe emission
standards. This cycle represents the typical urban area
driving pattern, consisting of a series of speed-time pro-
files. A complete UDDS is divided into three parts—a cold
transient portion (Bag 1) comprises the first 3.59 mi (505
sec), Bag 2 comprises the hot stabilized portion of 3.91 mi
(867 sec), which is followed by a 10-min soak with the
engine off, and then Bag 3 comprises the hot transient
portion of 3.59 mi (505 sec).? EPA, after recognizing that
the UDDS driving cycle does not sufficiently represent all
driving conditions, recently introduced a supplemental
FTP cycle (SFTP) to address aggressive high-speed driving.
This driving cycle is known as US606 and also incorpo-
rates the effect of air-conditioning operation (SC03).1°

The exhaust particulate emission rates used in PARTS
are based primarily on tests carried out for an older
(pre-1990s) vehicle fleet.!! Measurements performed on
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current-technology vehicles, using a variety of fuels, show
that emission rates for newer vehicles may be very differ-
ent from those reported in PARTS5.12-24 Therefore, emis-
sion studies from several sources were reviewed to calcu-
late more up-to-date emission rates. Starting an engine
from cold, or using it under transient driving conditions,
has a significant effect on vehicle emissions. Although
engines that have not reached proper operating temper-
ature occur in all driving conditions, most are likely dur-
ing urban driving when short trips occur. Therefore, for
microscale modeling, it is necessary to account for both
cold- and hot-start running emissions. MicroFac models
use UDDS phase 1 (Bag 1) for the cold running emission
rate, and phase 2 (Bag 2) and phase 3 (Bag 3) for hot
running emission rates (hot running emission rate =
0.521 X phase 2 emission rate + 0.479 X phase 3 emission
rate).

In determining the priorities for developing vehicle
emission rates, it is necessary to know the on-road vehicle
fleet composition. The average vehicle fleet composition
in the United States as of July 1996 showed that light-duty
vehicles (those with GVWs of 8500 Ib or less) comprise
93.68% of the entire vehicle fleet.2> Within the light-duty
class, more than 99% of the vehicles are gasoline-powered
(68% cars and 32% trucks). A recent (1999) field study'?
carried out at 61 sites throughout the South Coast Air
Basin in California showed that 1.11-1.75% of the vehi-
cles in the light-duty fleet emitted visible smoke. This fleet
was comprised mainly of older vehicles, 8-18 yr of age.
The contribution of smoking vehicles was estimated to be
24-35% of the total particulate emissions inventory for
light-duty vehicles. While the fleet in this study may not
be representative of the nationwide fleet, it does demon-
strate the importance of fleet composition in identifying
the proportions of normal emitters versus high-emitting
(non-normal or smoking) gasoline vehicles.

Gasoline. Testing performed on older unleaded gasoline
(catalyst and noncatalyst) normal emitters reported
higher PM emission rates compared with newer normal
emitting vehicles, whose emission rates varied from 0.1 to
10 mg/mi.'3-22.26-29 The exhaust PM emissions were
significantly reduced (by factors of 0.58, 0.63, 0.70, and
0.68 for Tier 0 LDGV, Tier 0 LDGT, Tier 1 LDGV, and
Tier 1 LDGT vehicles, respectively) with the use of
oxygenated fuel during the cold start on the UDDS
cycle.3031 PM emissions were dependent on driving
cycle, vehicle type, driving behavior, vehicle condition,
vehicle weight, fuel control system, and emission con-
trol system. The studies discussed previously have di-
vided normal and high-emitting vehicles-based on
their gaseous emission profiles. Our definition of nor-
mal and non-normal vehicles is not based on their
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gaseous emissions. We define normal-emitting vehicles
as those vehicles that have no visible smoke, while
non-normal emitting vehicles are defined as those ve-
hicles that have visible smoke emitted from the
tailpipe. Because of the limited amount of data in three
UDDS operating phases, no attempt was made to sepa-
rate non-normal emitter vehicle emission rates into
cold- and hot-operating modes. Non-normal total-
derived PM emission rates were found to be between 19
and 1341 mg/mi.183233

Diesel. The U.S. light-duty diesel fleet vehicle composi-
tion is less than 1% of the gasoline light-duty fleet. The
average PM emission rates from diesel light-duty vehicles
are ~1-2 orders of magnitude higher than their gasoline
counterparts.’® PARTS lists the emission rates from light-
duty diesel vehicles and trucks per their age varying from
100 to 309 mg/mi for vehicles from 1981 and up, and
from 700 mg/mi for pre-1981 vehicles.!! Studies on older
diesel engines have reported even higher values!83435
compared with new diesel engines that now use low-
sulfur fuel.8:36 The aim is to determine the emission rates
from the present on-road vehicle fleet; therefore, our anal-
ysis to calculate the emission rates for normal and non-
normal categories is from the work carried out by Norbeck
et al.'8 The ratio between cold and hot emissions in this
case is approximately the same as that found in European
studies.3¢ The calculated running hot (from phase 2 and 3
of UDDS cycle) and cold (from phase 1 of UDDS cycle)
mass-based PM emission rates (TSP in mg/mi) from a
literature survey for the light-duty vehicle fleet together
with sample size and range observed are shown in Table 2.
It is assumed that the average values in Table 2 are most
likely to represent the real-world vehicle fleet.

Exhaust Emission Rates for Heavy-Duty Vehicles
The testing of heavy-duty vehicles to determine PM emis-
sion rates is performed either on chassis dynamometers or
on engine dynamometers. The first approach is similar to
those used to test light-duty vehicles. The second method
involves removing the engine from a test vehicle’s chas-
sis, mounting it on a test stand, and operating the engine
on a testing apparatus (i.e., engine dynamometer). In this
case, the emission rates are determined in grams per
brake-horsepower-hour (g/bhp-hr) by testing the engine
over a heavy-duty transient driving cycle.3” The heavy-
duty transient test (HDTT) cycle simulates heavy-duty
vehicle operation in urban areas and was developed from
instrumented heavy-duty vehicles that operated in New
York City, from freeway driving in Los Angeles, and also
from nonfreeway driving in Los Angeles.® The emission
rates in mg/mi are estimated by multiplying the emission
rates in mg/bhp-hr by a conversion factor in bhp-hr/mi.
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Table 2. Running hot and cold mass-based PM emission rates (TSP in mg/mi) for light-duty

vehicles 17,18,22,31-33

except for light heavy-duty vehicle class 2B,
which has ~80% gasoline-powered vehicles.

Emission Rates (mg/mi)

Gasoline. Very little information is available for

Vehicle Age Sample Size Average Median

DGV normal emitters: hot running emission rates

Tier 1 (1993+)182231 39 0.49 0.43
Tier 0 (1981-1993)7185" 47 4.74 18
Pre-19811822 8 27.04 27.22

DGV normal emitters: cold running emission rates

Tier 1 (1993+)'8:2251 39 518 1.9
Tier 0 (1981-1993)""8:51 47 18.66 6.77
Pre-1981'822 8 46.06 49.58

LDGT normal emitters: hot running emission rates

Tier 1 (1993+)'81 17 1.83 1.04
Tier 0 (1981-1993)"8%1 46 7.4 3.6
Pre-1981'® 6 17.79 16.35

LDGT normal emitters: cold running emission rates

Tier 1 (1993+)'81 17 14.33 3.63
Tier 0 (1981-1993)"8%1 46 20.98 10.77
Pre-1981'® 6 104.16 81.82

LDGV and LDGT non-normal emitters: running (hot or cold) emission rates

Al'8:32:33 26 4221 333.6

DDV and LDDT normal emitters: hot running emission rates

Al 17 375.31 364.5

DDV and LDDT normal emitters: cold running emission rates

Al 17 804.13 7211

Range the PM emission rates from heavy-duty gasoline
vehicles. As discussed earlier, there are few gaso-
line vehicles outside of class 2B. Therefore, it is

0.01-128 assumed that emission factors from gasoline
0.01-426 heavy-duty vehicles for class 2B increase with
2056376  fuel consumption with reference to the light-
duty gasoline truck. The estimated gasoline fuel
consumption in 1996 for heavy-duty class 2B
0.43-18.2 gasoline vehicles was 10.1 miles per gallon
0.6-71.6 (mpg). The PM emission rates from light heavy-
3.66-7891  duty vehicles are estimated to be 1.5 (for class 2B)
to 2 times (for class 3 and higher) greater than
those of light-duty gasoline trucks, which are
045578 assumed to have a fuel economy of 15 mpg.
0.28-53.14

5.7-37.54
Diesel. In general, new heavy-duty diesel-pow-
ered vehicles emit much less PM compared with

1504467  older vehicles. Under the EPA certification test
0.53-87.65  procedure, manufacturers are required to submit
30.1-200.24  emissions data on new engines by using engine
dynamometer test results. The up-to-date emis-
sion rates are based on the assumption that the

19-1341 " emission levels produced by the certification test
procedures are representative of the average in-
use emission levels. These data are available

1597794 from the MOBILE6 model. Tables 3a and 3b
presents the PM emission rates (mg/mi)
1450042 5 for heavy-duty diesel-powered vehicles derived

from MOBILE6 sources. The emissions from

LDDV and LDDT non-normal emitters: running (hot or cold) emission rates

Al 2 1506.35 1505.35

1402.4-1608.3

pre-1990 vehicles will increase with age be-
cause of more vehicle miles accumulated and
because of the deterioration of the vehicles’

Other chassis dynamometer driving cycles, such as the
New York City Cycle (NYCC), which is representative of
driving in heavily congested inner city areas;® the Central
Business District (CBD) Cycle, which simulates inner-city
driving conditions through repeated accelerations, decel-
erations, and idle periods;38 and the West Virginia 5-Peak
or Truck (WVT) Cycle also are commonly used.3?

In July 1996, heavy-duty vehicles (including buses)
comprised ~6.32% of the entire vehicle fleet.25 The break-
down (or percent composition) of heavy-duty vehicles
includes class 2B, class 3, class 4, class 5, class 6, class 7,
class 8A, class 8B, school buses, and transit buses, and
their percent composition is as follows: 50.2, 4.44, 3.29,
2.93, 9.15, 9.65, 4.96, 11.43, 3.48, and 0.47, respectively.
Diesel vehicles dominate all heavy-duty fleet categories
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emission control systems.

Nonexhaust Emission Rates
Additional sources of motor vehicle particulate emissions
include tire wear, brake wear, and re-entrained road ma-
terial. Limited testing has been carried out to estimate the
contribution of brake-wear and tire-wear emissions.
Brake-wear and tire-wear particles are emitted from differ-
ent types of vehicles at different rates, but because of a
lack of data, the rate for cars is used for all vehicle types.
The particulate emission rate for brake wear, measured on
braking cycles representative of urban driving, averaged
0.0128 g/mi for cars,*° and the emission rate for airborne
tire-wear particles for cars has been estimated at 0.002
g/mi.#142 The PARTS model uses these values. In the
absence of any new information, MicroFacPM uses the
same values discussed previously and used in PARTS. The
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Table 3a. Mass-based PM emission rates (TSP) for HDDVs.

Emission Rates (mg/mi) + Deterioration (mg/10,000 mi)

1994+ 1991-1993 1990 Pre-1990
HDDVZB 98 252 418 484 + 1.1
HDDV3 128 328 542 627 + 1.4
HDDV4 131 337 561 652 + 1.5
HDDVS 143 371 622 675+ 1.7
HDDV6 165 390 744 864 + 4.4
HDDV7 191 477 905 1046 + 4.4
HDDVBA 224 596 1091 1271+ 29
HDDV8B 245 655 1208 1412 + 32

brake-wear emission rates are applied only for urban
roads. To obtain tire-wear emission rates from the vehi-
cles, the tire emission rate is multiplied by the number of
wheels on the vehicle. The number of wheels is the de-
fault value per vehicle class in the model.

The empirical emission model for unpaved roads was
developed from a broad database*3 and shows good agree-
ment with field results.4445 For paved roads, the algo-
rithm was based on the results of a limited number of
emission tests and, therefore, may not represent all urban
paved road conditions.4¢ Zimmer et al.#¢ concluded that
the paved road equation should not be applied to cases
where the range of silt loadings is outside the range used
to develop the equation (i.e., urban roads with silt loading
ranging from 0.02 to 1 g/m?) and there is a need for
improving the emission factors algorithms. The results
show that the empirical equation for paved roads tends to
overpredict the emission factors.4446-48 Because the
methodology for re-entrained road dust needs to be re-
vised, the current version of MicroFacPM does not ac-
count for re-entrained road dust (at least until new data
become available). However, if needed, the re-entrained
road dust emission rates and methodology in Micro-
FacPM may be used in a similar manner to that in PM-
FAC.#0

COLD-START VERSUS HOT-START EXHAUST
EMISSIONS

MicroFacPM fully accounts for the distance traveled by
vehicles during a cold-start operating mode in
calculating the composite emission rates. The

Singh, Huber, and Braddock

Cold mileage percentage for a model year is calcu-
lated as follows:

CMP,; = 0.698 — 0.051 X (Itrip,; X 1.6) 0
1
~(0.01051 — 0.00077 X Itrip,; X 1.6) X TC

where CMP, ; is the cold mileage percentage for vehicle
type i and model year j, TC is the ambient air temperature
(°C), and Itrip, ; is the length of the trip (mi) for vehicle
type i and model year j.

Length-of-trip data for light-duty gasoline vehicles,
trucks class 1 and 2 (<6000 Ib), and trucks class 3 and 4
(6001-8500 1Ib) are calculated based on trips per day
and miles per day data.5° The length of these trips are
defined in the model according to the type of vehicle
and model year. In MicroFacPM, the effect of cold mile-
age percentage is considered only for light-duty vehi-
cles with gasoline engines (LDGV and LDGT), because
all other vehicles are assumed to be running with hot
engines. The model accounts for the cold-engine oper-
ating mode based on the vehicle type, model year, and
ambient temperature. These estimates can be further
refined if the length of trips for different model years
and vehicle classes can be assigned for a roadway type.
Default values for specific studies can also be input to
MicroFacPM.

ROADSIDE SURVEYS

MicroFac models are designed to estimate site-specific
on-road emission factors at a microscale level and ac-
cepts the user’s estimate of high emitters (smoking
vehicles) based on local roadside surveys (or other
method) as input. An analysis of 59,000 in-use vehicles
between 1985 and 1992 observed that some high emit-
ters were found in nearly every model year, but the
highest tailpipe emissions came from vehicles ~10 yr
old.51 Pre-1975 vehicles were not included in this study.
Another recent field study, carried out at 61 sites
throughout the South Coast Air Basin in California,
showed that 1.11-1.75% of the vehicles in the light-
duty fleet emit visible smoke.!2 Therefore, if estimated
values for the fleet categories based on local estimates
or measurements are not available, then MicroFacPM
uses the default value for smoking (i.e., high-emitting)

Tahle 3h. Mass-based PM emission rates (TSP) for HDDBs.

MicroFacPM cold-start function goes to zero

effect after a few miles, depending upon ambi-
ent temperature. The method is relatively sim-
ple and does not assume the cold and hot

Emission Rates (mg/mi) + Deterioration (mg/10,000 mi)

operating mode proportions arbitrarily. This pppsp
methodology is similar to that used in Micro- HDDTB

1996+ 1994-1995 1993 1991-1992 1990 Pre-1990
118 171 644 1258 1015 1156 + 2.6
186 277 1059 2112 1740 2112 + 4.6

FacCOs5 and is summarized later.
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Table 4. Mass-based PM,, and PM, ¢ percentage (in comparison to TSP) for U.S. vehicle-generated PM sources.

18,58,59

PM,, (%) of TSP

PM, 5 (%) of TSP

Sample Size Average Median Range Average Median Range
LDGV Tier 1 (1993+): normal emitter 14 83.5 83.1 59.1-100 73.2 74.2 40.9-100
LDGV Tier 0 (1981-1993): normal emitter 26 89.6 90.8 76.9-100 82.4 83.2 71.8-96.7
LDGT Tier 1 (1993+): normal emitter 8 81.6 85.4 32.3-100 74.8 81.1 32.2-97.8
LDGT Tier O (1981-1993): normal emitter 35 88.6 92.9 51.5-100 81.5 88.7 45.5-100
LDGV& LDGT (Pre-1981): normal emitter 12 96.1 96.6 89.7-99.4 91.7 94.5 77.6-98
LDDV& LDDT (All): normal emitter 17 99.4 99.8 96.8-100 95.4 96 89.3-99.8
LDGV& LDGT (All): non-normal emitter 3 99.8 99.8 99.5-100 99.3 99.4 98.8-99.8
LDDV& LDDT (All): non-normal emitter 2 99 99 98.7-99.3 92.3 92.3 87.8-96.8
Heavy-duty diesel vehicles 15 98.7 99.5 95.4-100 96.9 97.8 92-100

vehicles depending on the average age of the fleet
(e.g., for 10-yr-old fleet as 1% and for 15-yr-old fleet as
1.5%).

SPEED CORRECTION FACTORS

The UDDS driving cycle measures emission rates at an
average speed of 19.6 mi/hr; therefore, emission rates
have to be corrected for on-road average speeds. There is
little information available for the change in emission
levels associated with speeds for U.S. motor vehicles.
Therefore, MicroFacPM speed correction factors were de-
rived from similar European studies.36:4.52-54 The follow-
ing speed correction factors are used in the model for
heavy-duty diesel vehicles:

For light heavy-duty diesel vehicles

=1.0(V=12.5 mi/hr)

—0.0321V + 1.4013(V = 12.5 to 25.0 mi/hr)  (2)

—0.0053V + 0.7303(V > 25.0 to 50.0 mi/hr)

For medium heavy-duty diesel vehicles

0.47(V > 50.0 mi/hr)

=1.0(V = 11.9 mi/hr)

—0.0243V + 1.2881(V = 11.9 to 27.5 mi/hr)  (3)

—0.0035V + 0.7168(V > 27.5 to 50.0 mi/hr)

0.54(V > 50.0 mi/hr)

700

600

Vehicles (Number)

300
200 ——— * \_\\v
100 \"\w—o-ﬁ_,

7:30
7:45
8:00
8:15
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)
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o
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March 10, 1999
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Figure 2. \/ehicle fleet separated at 15-min time intervals on March 10, 1999, at 1-40 between 7:30 and 10:15 a.m.
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Figure 3. Real-ime PM, 4 exhaust emission factors on March 10, 1999, at I-40 between 7:30 and 10:15 a.m.

For heavy heavy-duty
diesel vehicles (including buses)
=1.0(V=12.5 mi/hr)
—0.0228V + 1.2846(V = 12.5 to 29.4 mi/hr)  (4)
—0.0023V + 0.6833(V > 29.4 to 50.0 mi/hr)

0.57(V > 50.0 mi/hr)

where V is speed in mi/hr. Because of the limited amount
of data, no attempt was made to apply speed correction

Volume 53 October 2003

factors for light-duty and heavy-duty gasoline-fueled ve-
hicles. The equations show that emission rates dropped to
approximately half with an increase of speed from 12 to
50 mi/hr. Most of the emission reduction took place (by a
factor of 0.6) with an increase of speed from ~12 to 27
mi/hr.

AIR CONDITIONING CORRECTION FACTOR

MicroFacPM accounts for the exhaust emissions correc-
tion factors resulting from air-conditioning operations
based on their fuel consumption for light-duty gasoline

Journal of the Air & Waste Management Association 1211
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vehicles and trucks. The methodology has been adopted
from the recommendations made in the MOBILE6
mode].55-57

PARTICLE SIZE DISTRIBUTIONS

Particle size distributions are different for both gasoline-
powered and diesel-powered vehicles. They also vary de-
pending upon the various driving cycles, speed, and
loads.'1.4? Current engine technology and fuel(s) are dif-
ferent from those vehicles that were used to derive parti-
cle size distribution in PARTS. In addition, PARTS size
distribution does not account for the age of the vehicles.
Therefore, MicroFacPM size distribution is based upon
recent literature reviews.18:5859 The PM emission rates
previously discussed represent TSP emissions only. The
emission rates discussed in this paper are mass-based;
therefore, particle size distribution is mass-based. The
mass-based particle size values for PM,, and PM, 5 are
shown in Table 4; percentage values shown are the per-
centage of mass in comparison with TSP. The particle size
distribution for tire wear and brake wear is the same as
that used in PARTS. These particle size distributions will
be updated as more information becomes available.

COMPOSITE EMISSION RATES

The MicroFacPM composite emission rate for the vehi-
cle fleet is calculated by incorporating all the various
parameters discussed previously. The model first calcu-
lates the emission rates and fraction of vehicles in each
category over a 25-yr age distribution for both normal
and non-normal emitting categories. Then vehicle miles

accumulated for heavy-duty vehicles are calculated as a
function of date, to account for deterioration rates. This
approach helps in calculating average vehicle miles accu-
mulated any time in a year. October is the reference
month because sales for the new model year start from
October. The first “year” is calculated as

Year = (Month + 2 + (Day/30))/(2 X 12) (5)

For example, mileage for April 15, 1998, is calculated as [4
+ 2+ (15/30)]/(2 X 12).

Then the model calculates speed correction factors
and corrects the normal and non-normal emission rates
for speed. Finally, cold start percentage and air-conditioning
correction factors in accordance to vehicle type and
model year are incorporated, and composite emission
rates for individual vehicles are calculated as follows:

ER;; = [{(NER,; * V, + ColdT,)) * CMP,; + NER;, * V,

% (1 — CMP,)} * (1 — fail) = (1 + AC, * ACV;; — ACV})
(6)
+{(BERy; * V; + ColdT,)) * CMP,; + BER,; * V}

# (1 — CMP,)} = fail = (1 + AC, * ACV;; — ACV;))]

where ER, ; is the composite emission rate for vehicle type
i and model year j, NER, ; is the normal emission rate for
vehicle type i and model year j, BER, ; is the non-normal
emission rate for vehicle type i and model year j, ColdT; ;
is the temperature correction factor for the cold operating
mode (multiplicative for model year pre-1980) for vehicle
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Figure 4. Real-ime PM, 4 exhaust emission factors on March 10, 1999, at I-40 between 7:30 and 10:15 a.m.
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type i and model year j, CMP; ; is the cold mileage per-
centage for vehicle type i and model year j, Fail is the
percentage of smoking (non-normal emitting) vehicles,
AC; is the air conditioning correction factor for vehicle
type i, ACV, ; is the fraction of vehicles with air condition-
ing for vehicle type i and model year j, and V; is the speed
correction factor for vehicle type i.

These emission rates (mg/mi) are then multiplied by
the fraction of vehicles of each model year and vehicle
class. Proportions of emissions (mg/mi) are calculated for
each model year and vehicle class.

CEF;; = ER;; X VEH; (7)

Singh, Huber, and Braddock

where CEF; ; is the proportion of composite emission fac-
tor for vehicle type i and model year j, and VEH, ; is the
fraction of vehicles for vehicle type i and model year j.

Finally, these proportions are summed to obtain the
composite emission factor for the entire fleet.

CEF = ), CEF; (8)

ij

APPLICATION

An application of MicroFacPM calculation of real-time
PM, 5 emission factors for March 10, 1999, at a location
along Interstate Highway 40 in the Research Triangle Park
area of North Carolina is presented here. Interstate 40
(East) is a main route for traffic commuting between Ra-
leigh and Research Triangle Park. The traffic fleet was
recorded in the morning hours on videotape between
7:15 and 10:15 a.m. and then analyzed manually (watch-
ing the video tape in slow motion) for the vehicle type
(light-duty vehicles <6000 Ib, light-duty trucks <8500 Ib,
and heavy-duty vehicles >8500 lbs), lane-by-lane, and
separated into 15-min time intervals (Figure 2). The num-
ber of vehicles recorded in lane 1 (which is both the
slowest and the exit lane) was very low compared with the
other three lanes. Lane 4 had the fastest traffic, and very
few heavy-duty vehicles were recorded in this lane. The
average heavy-duty vehicle percentage was ~3, 7, 9, and
1% in lanes 1, 2, 3, and 4, respectively. In general, the
number of heavy-duty vehicles increased with time. The
total traffic was quite consistent between 7:15 and 8:30

100 19385

Percentage

34.84
15.36
10.83
3.302.34 0.93| | 0.53’_‘ 0.98
T T T T
LDG LDD HDGV HDD2B5 HDD67 HDDS8

March 10, 1999; 8:00-8:15 am

Vehicles O Emissions

Figure 6. Contribution of PM, ; exhaust emission factors per vehicle class on March 10, 1999, at I-40 on Lane 2 between 8:00 and 8:15 a.m.
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a.m., but dropped significantly after 8:30 a.m., especially
between the 10:00 a.m. and 10:15 a.m. time periods.
Therefore, the percentage of heavy-duty vehicles is signif-
icantly higher late in the morning.

The calculated real-time exhaust PM, 5 emission fac-
tors at 15-min intervals are shown in Figure 3. In these
calculations, the on-road age-wise distributions for light-
duty vehicles (LDGV, LDDV, LDGT12, LDDT12, LDGT34,
and LDD34) were assumed from the registrations of Wake
and Durham County areas. The percentage of diesel ve-
hicles in the light-duty vehicles fleet (<8500 lb) is
~0.54% only. For heavy-duty vehicles, the composition
and age-wise distribution was assumed to be the average
U.S. vehicle fleet makeup for 1996.61.62 The model was

1214 Journal of the Air & Waste Management Association

run assuming nonoxygenated fuel, hot-stabilized vehi-
cles, no smoking vehicles in the fleet, and average speeds
greater than 50 mi/hr for all runs. The emission factors
vary from 6.38 to 18.08 mg/mi in lane 1, 10.03 to 27.03
mg/mi in lane 2, 11.84 to 28.39 mg/mi in lane 3, and 5.08
to 7.43 mg/mi in lane 4 (see Figure 3a). Although the
percentage of the light-duty diesel fleet is very small
(~0.54%), this does have an effect of composite exhaust
PM, 5 emission factors. Assuming no diesel vehicles in the
light-duty fleet, the resulting exhaust PM, 5 emission fac-
tors are shown in Figure 3b. If the fleet is dominated
mainly by light-duty vehicles (lane 4), then emission fac-
tors dropped significantly, varying from 3.52 to 5.89 mg/
mi. Figure 4 shows the overall exhaust PM, 5 emissions in

Volume 53 October 2003



g/mi/sec (by incorporating the number of vehicles lane-
by-lane) needed for the exposure assessment. The emis-
sions vary from 0.4 to 2 g/mi/sec for lane 1, 3.9 to 6.7 for
lane 2, 5.3 to 10.2 for lane 3, and 0.8 to 2.3 for lane 4;
minimum and maximum emissions calculated were be-
tween 9:45 and 10:00 a.m. for lane 1 (0.4 g/mi/sec) and
lane 3 (10.2 g/mi/sec), respectively.

Figures 5 and 6 show the contribution of exhaust
PM, 5 emissions from vehicles of different ages and types
for the time interval between 8:00 and 8:15 a.m. on lane
2. Although the percentage of vehicles in the 0-5 yr age
group is the largest (41%), their contribution to PM, s is
relatively small (12%) (see Figure 5). Similarly, the very
small percentage (less than 2%) of diesel vehicles contrib-
utes the most significant percentage (62%) of all PM, 5
emissions (see Figure 6). Figure 7 groups the emissions
into light-duty exhaust, heavy-duty exhaust, and tire-
wear PM, s emissions lane-by-lane. If we compare the
emissions at different temporal distributions, then varia-
tion is evident, which shows the importance of the dis-
aggregated model. For example, in lane 1, the contribu-
tion from heavy-duty vehicles is very large for the 15-min
time periods ending at 9:45 a.m. and 10:15 a.m., as com-
pared with the 10:00 a.m. time period. In general, contri-
butions from heavy-duty exhaust emissions are maxi-
mized in lane 3 and minimized in lane 4. The traffic is free
flowing; therefore, the brake-wear emission factor is as-
sumed to be zero. These examples demonstrate four ways
that MicroFacPM may be applied to provide site-specific
emission information, which is critical to providing local
emission estimates. More examples and sensitivity studies
are presented in a companion paper entitled “Sensitivity
Analysis and Evaluation of MicroFacPM: A Microscale
Motor Vehicle Emission Factor Model for PM Emis-
sions.”60

The complete modeling framework from source to
exposure was discussed by the authors in a paper “Mod-
eling and Measurement of Real-Time CO Concentrations
in Roadway Microenvironments,” which demonstrated
the use of the emission model in modeling roadway air
concentrations through an example, and discussed the
issues and research needs for improving the methodology
of modeling human exposures to mobile source emis-
sions.®3 Figure 8 shows that the emissions model feeds a
dispersion model to support microenvironmental model-
ing. The roadway dispersion model will provide ambient
air concentrations resulting from transport and disper-
sion of the roadway emissions. The microenvironmental
model considers factors in a more refined manner than do
the air dispersion models, which are specific to the par-
ticular exposure microenvironment (e.g., standing by the
roadside or actually inside the vehicle, inside the moving
vehicle). Estimates of how emissions inside the vehicle
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Figure 8. Modeling the source through the air pathway to human
exposure.

would contribute directly to the in-vehicle microenviron-
ment can be made without the need for an air dispersion
model. The roadside microenvironmental air pollutant
concentrations are impacted both by a general contribu-
tion from emissions upwind along the roadway, which
may be modeled by an air dispersion model, and by a
localized specific complex flow generated by the local
terrain and vehicles. The local model may need to be
more refined than can be specified by a general dispersion
model. Refined modeling using Computational Fluid Dy-
namics (CFD) models will be used to develop refined
dispersion models and a microenvironmental model.
Measurement databases from past research and special
new studies as part of this project will be used to both
support and evaluate the emission, dispersion, and micro-
environmental models. The goal is to have a modeling
system that can be used to simulate potential exposure
factors to mobile source emissions within mobile source
microenvironments. These generalized factors would be
appropriately incorporated into population-based human
exposure models.

SUMMARY

The methodology for the development of a microscale
emission factor model, MicroFacPM, for predicting real-
time motor vehicle PM emissions is presented. This model
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captures virtually all the real-world information for the
U.S. motor vehicle fleet. The methodology for Micro-
FacPM uses existing databases. No new emission measure-
ment databases are developed in this study. The algo-
rithm used to calculate emission factors in MicroFacPM is
disaggregated. MicroFacPM calculates emission factors in
real-time from an on-road vehicle fleet, not for an aggre-
gated fleet-wide average estimated by VMT as in the meth-
odology for the PART model. MicroFacPM has been de-
signed to estimate emission factors from on-road traffic
and can be used directly to support reliable modeling of
human exposures near roadways and inside vehicles trav-
eling along the roadways. MicroFacPM should be applied
where local site-specific information is available or good
estimates can be assumed to support the model applica-
tion. The sensitivity analysis and evaluation of Micro-
FacPM is discussed separately in the companion paper
entitled “Sensitivity Analysis and Evaluation of Micro-
FacPM: A Microscale Motor Vehicle Emission Factor
Model for PM Emissions."”¢0

DISCLAIMER

EPA, through its Office of Research and Development,
funded the research described here. This paper has been
subjected to agency review and approved for publication.
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